ABSTRACT
Introduction
Particle 1 bombardment technology has now been established as the method of choice for the engineering of plants species that until were viewed as recalcitrant for genetic manipulation. For the first time Sanford and co-workers reported the application of this method in 1987 at Cornell University, USA.
Since the development of the first particle bombardment system, several different types of bombardment devices have been developed, including an electrically triggered discharge gun, pneumatic particle guns, helium, nitrogen and carbon dioxidepowered devices and a micro-targeting gun. These devices have been developed toward the same goals: more simplicity, safety, accuracy, and a lower cost for DNA delivery. The basic principle of all these devices is the same as that originally developed by Sanford and co-workers (7) . Nevertheless, expansion of particle gun tech-1 Abbreviations: 2,4-D -2,4-dichlorophenoxyacetic acid, BB medium -basic bombardment medium nology is still limited by accessibility of devices due to high cost and complexity. The development of an inexpensive and efficient device that is simple to construct and operate would aid in the distribution and utilization of this technology (15) .
Many versions of an inexpensive and easy to assemble particle guns have been built (14, 5, 8, 1) . The 'flowing helium gun' accelerated particles directly in a stream of low pressure helium (5) . Macrocarriers did not support or carry the particles and the force necessary to accelerate the particles was therefore reduced. The absence of macrocarriers reduced consumables, cleanup time and cycle time. The flowing helium gun was used as the basis for development of the Particle Inflow Gun (PIG) (15) .
In this paper, we describe in details the development of three apparatuses designed in Bulgaria. The apparatuses were constructed in AgroBioInstitute, Sofia and tested for a wide range of species and tissues. Our strategy is to establish a routine system for transformation of cereals based on particle bombardment of the mature TABLE 1 Technical specifications of the "IGE-Gene Gun 1"
IGE-Gene Gun 1
• Vacuum chamber (VC): 5 mm stainless steel (16.5cm width X 16.5cm depth X 30.5 cm high).
• The door was constructed from 1.5cm thick Plexiglas and a 1cm thick rubber gasket was glued to and recessed in the door.
• Four hinges (H) were welded to the left and the right sides of the vacuum chamber to fix the door.
• Four collars were welded into holes drilled in the left and in the top sides of the vacuum chamber to connect: the solenoid (SO) / syringe filter (SF) unit, two vacuum meters (VM) and the vacuum vent (VV) • SO-2/2 WAY SOLENOID VALVE sn.018Z6176, Danfoss, Denmark and SF 13MM, cat. No: w-10117 FISHER BIOBLOCK (Fig. .2) • The helium pipes used were 1cm diameter reinforced rubber hoses (RH) A2mm plexiglass shelf/ plate (PS) and 6cm in diameter thick rubber glued to the plate was used to place the target tissue • The vacuum pump (VP) (Millipore, Model XX5522050) was connected to the vacuum chamber through vacuum tubing and two way needle valve. One way to realize vacuum in the chamber and the second way to normalize the vacuum after bombardment.
• The control panel (CP) was welded to the same platform near the vacuum chamber
• Control panel consists of power supply unit, fire button, vacuum pump switch, helium deliver regulator and rheostat to regulate the timer relay (Chip-NE556N, Signetics, England).The timer relay with duration from 10 msec to 500 msec was set for 50 msec timer duration • Gun dimensions: 70 cm width x 40 cm depth x 45cm high embryos. The development of Particle Inflow Gun apparatus was of a great necessity because of the specific hardiness of the mature embryos. Several technical characteristics of the basic design of Particle Inflow Gun were added or changed in order to make it more efficient and suitable for wide range targets.
Materials and Methods

Gun Design
The particle gun "IGE-Gene Gun 1" (Fig.  1) The particle gun "IGE-Gene Gun 2 ( Fig.  1 ) was constructed in 1997 at IGE-Bulgaria as a modified and improved design to IGE-Gene Gun 1 by Abumhadi (2).
The particle gun "ABI-Gene Gun" (Fig. 1 ) is characterized with a new design and was constructed by Abumhadi in ABIBulgaria.
Plant material and culture of tissue
Mature seeds from the winter-type barley cultivar Ruen, wheat cultivar Aglika, maize KN 509, and rice cultivar Notohikari were used. The seeds were surface sterilized with 70% ethanol for 1 min, soaked in 0.2% HgCl 2 for 10min and then rinsed in sterile distilled water 6 times for 5 min. The sterilized seeds were left for overnight in distilled water. This step facilitated the separation of the mature embryos from the seeds. The mature embryos were cultivated (scutellum down) in 10 cm Petri dishes on an culture medium under dim light and 25± 1 ºC for 8 -12 days prior bombardment. Three hours prior to bombardment the target explants were crowded in circle with diameter 1 cm in the center of 50 mm Petri dishes containing bombardment medium (BB). Twelve hours after bombardment the explants were transferred back to culture medium before GUS staining. Maize Culture medium MS salts, i-inositol (100 mg L -1 ), proline • The door was constructed from 3.5cm thick plexiglass and a 1cm thick rubber gasket was glued to and recessed in the door. The plexiglass borders were coated in tinplate steel.
• Three collars were welded into holes drilled in the top of the vacuum chamber to connect: the solenoid (SO) / syringe filter (SF) unit, the vacuum meter (VM) and the vacuum vent (VV). The fourth collar was welded into holes drilled in the left side of the vacuum chamber was connected to the 1cm diameter reinforced rubber hoses (RH) and the vacuum pump.
• SO-2/2 WAY SOLENOID VALVE SVP600; INDUMART, 1 -15 West Pearce St., Richmond Hill, Ontario, L4B 1H6, Canada and SF-13MM, cat. No: w-10117 FISHER BIOBLOCK SCIENTIFIC • The helium pipes used were 1cm diameter reinforced rubber hoses (RH) • A stainless steel plate • A 8 mm plexiglass holder was fixed to 2 mm steel plate to hold the baffle (Fig. 3) • The baffle (B) was made by cutting off part of the lid of a 4cm Petri dish and heat joining a 500 µm mesh stainless steels screen ( ethanol can also be used). 12. Resuspend the pellet by tapping the side of the tube. Preparation and bombardment of the target plant tissue Three hours prior to bombardment the target explants were crowded in circle with diameter 1 cm in the center of 50 mm Petri dishes containing BB medium. Positioning the Petri dishes with the target explants at 7-10 cm from the syringe filter and bombardment under vacuum 0.9 Mpa and helium pressure 0.55 Mpa.
Operation of the Particle Inflow Gun
The operation instructions for best results
TABLE 3
Technical specifications of the "ABI-Gene Gun" ABI-Gene Gun • Vacuum chamber: 7 mm stainless steel (15 (width) X 15 (depth) X 22 (height) cm
• The door was constructed from 1.5cm thick strengthening glass and 1cm rubber gasket (RK) (Emfimastic PU 40 Batiment, France).
• Two hinges were welded to the left sides of the chamber and connected to the steel around the door.
• Two magnets to lock the door were welded to the right front side of the chamber
• Two collars were welded into holes drilled in the top of the vacuum chamber to connect: the solenoid (SO) / syringe filter (SF) unit, the vacuum meter (VM).Two collars were welded into holes drilled in the left down side of the vacuum chamber were connected to the vacuum vent (VV) and the vacuum pump (VP) • SO-2/2 WAY SOLENOID VALVE SVP600; INDUMART, 1 -15 West Pearce St., Richmond Hill, Ontario, L4B 1H6, Canada and SF-Home made 13 mm in diameter and 1.8 cm high and 4mm outlet stainless steel syringe filter (Fig. 5 ). This construction of the home made syringe filter allows better acceleration and dispersion of the gold particles. The dispersion diameter of the particles (10cm distance between the syringe filter and the target explants) is 4 cm comparing with FISHER BIOBLOCK-syringe filter where is the dispersion diameter is 2 cm (data not show).
• A type of shelf containing both the Petri dish holder and an adjustable baffle. The Shelf was made of 1 mm stainless steel plates with both a 60mm and 90mm diameter baffle. The baffle contained in the center a 500µm stainless steel screen and could be placed at different distance (depending on the Petri dish height) on the top of the target tissue using an axe and a spring.
• The same vacuum pump as in IGE gun2 was connected with it through reinforced rubber hose (VPC) (same as in IGE gun2) • Control panel consists of power supply unit, fire button, vacuum pump switch and rheostat to regulate the timer relay (Chip-NE556N, Signetics, England).The timer relay with duration from 10 msec to 500 msec was set for 50 msec timer duration.
• Gun dimensions: 18 (width) X 18 (depth) X 35 (height) cm. using this gun are given below:
• Turn on the power switch.
• Turn on the vacuum pump and the power switch.
• Set the helium regulator roughly at 0.55 MPa.
• Turn off the regulator valve (VENT).
• Remove 10 µl aliquots of microcarriers and transfer them to the center of a syringe filter.
• Load the syringe filter.
• Place the 50 mm Petri dish containing the target cells or tissue.
• Load the baffle.
• Load the door and shout the plates.
• Press the VAC switch.
• When the vacuum gauge registers the desired vacuum level (0.9 Bar) • Turn off the vacuum pump to prevent overheating.
• Press the FIRE button (trigger).
• After the bombardment is completed, put the VAC switch on the VENT position.
• Remove the sample.
• Remove the syringe filter. Stopping screen may be used a few more times.
• Clean the chamber with 70% ethanol.
• Close the valve of helium tank.
• Release the helium from the device.
• Turn off the power.
GUS assay
Flowing bombardment the mature embryos were incubated in 26 ºC for two days prior to the assay of GUS activity (9) . GUS activity was histochemically assessed and the average number of blue spots per plate was determined. The number of blue spots per embryo was counted under the microscope. 
Statistical analyses
Differences between averages for different gun models were assessed on the log of the number of blue spots after 1-way LS-analysis of the combined factor gun x species x vacuum x distance class and the corresponding T-test.
Results and Discussion
In this study we compared the efficiency of three gene gun apparatuses constructed in ABI under bombardment parameters that were described in Material and Methods (0.55 Mpa helium pressure, 10 cm distance target -syringe filter and vacuum of 0.04 -0.09 Mpa). Mature embryos from barley, wheat, maize and rice were used as target explant for bombardment with the plasmid pAct1-F. The apparatuses efficiency was determined as a number of blue spots per explant. The efficiency of the gene -gun apparatus depends from many factors as a gun design, the vacuum in chamber, the distance target -syringe filter and the tissue hardness.
In our previous study (1) the role of different physical and biological factors which affect the transformation efficiency of mature embryos by the transient expression of GUS gene using the particle inflow gun "IGE-Gene Gun 2" was determined.
The gene gun IGE-Gene Gun 1 was the first model which was constructed and tested for a wide range of species and tissues (data not published). IGE-Gene Gun 1 showed low transformation efficiency (Table 4), difficulties in manipulation and operating, low vacuum in the chamber, the door bend under vacuum, explants flight and damage, destruction of the bombardment medium in the case of short distance (less than 5 cm) during the bombardment, and the huge gun dimensions.
The disadvantages present in IGE-Gene Gun 1 were taken into consideration for the construction of the next model gene gun "IGE-Gene Gun 2". The vacuum in the chamber was increased from 0.45 to 0.9 bars by using a different type vacuum pump. The door was constructed from 3.5 cm thick plexiglass and 1cm rubber gasket which is more stable and safety. Adding holder (Fig. 4) on shelf to fix the baffle above the Petri dish (Fig. 5) obviously reduced the explants flight and damage. To avoid the medium destruction in the case of short distance (less than 5 cm) during the bombardment we used a novel bombardment medium -BB medium (1) . The high concentration of agar and Gelrite® shows a good rustles and protect the medium from destruction and gave an additional osmotic effect.
The tests with the "IGE-Gene Gun 2" showed a high levels expression of GUS gene in wide range of hard tissues such as barley, rice and wheat mature embryos, and germinated maize embryos ( Table 4) .
The importance of vacuum was proved using soybean hypocotyls tissue and particle preparation as described by Takeuchi et al. (14) . Without vacuum, the optimum transient expression in soybean hypocotyls was obtained if the tissue was 3 cm from the tip of the syringe filter unit (160 ± 40 foci per bombardment). Distance less than 3 cm resulted in severe tissue damage while distance greater than 5 cm gave no transient expression. The use of a vacuum led to a dramatic increase in transient expression in bombarded soybean hypocotyls at distance greater than 3 cm. With vacuum, the tissue could be bombarded at greater distances, thereby reducing tissue damage and increasing transient transformation (15) . Our results from the transient expression after bombardment under different levels of vacuum using 3 model guns (Table 4) (15) . The cereal embryo size for transformation is 1-3 mm and the use of baffle was indispensable. The use of BB medium (this medium is stable even when the pressure is 0.8 Mpa and the distance is 10 cm) in combination with a baffle reduced tissue dislodgment and kept the dislodged tissue in a restricted area where it was possible to recover it aseptically.
The diameter of particle distribution in tissue was dependent on the vacuum, helium pressure, syringe filter design the distance between the syringe filter and the target tissue. The stainless steel 13MM syringe filters (cat. No w-10117 FISHER BIOBLOCK SCIENTIFIC), 0.55 Mpa helium pressure, and 0.09 Mpa vacuum, ensured 1cm distribution of the particles when the distance was 5 cm, and 2cm when the distance was 10 cm. Zone of death was not observed on the bombarded mature embryos (10 cm distance). However, the improvement of the gun design "IGE-Gene Gun 2" resulted in good transient expression of GUS gene in cereal embryos, but some problems such as the high volume helium expanded in the gun, unused vacuum chamber volume (3 L), and baffle sterilization were observed.
Further, evolution of the gene gun design resulted in "ABI -Gene Gun". This gene gun differ from the previous model with compact design, easy use, low helium consumption and the availability to autoclave the shelf and the baffle holder.
Reducing vacuum chamber volume from 8 to 5 L, speed the chamber evacuations from 2 to 1 min. That it is mean to reduce the total time for one shoot (bombardment time) approximately is about 2 min for one Petri dish. The bombardment time is an important physical parameter for the stable transformation. The staying of the tissues under osmotic stresses and vacuum may be result in drought of the tissues which reflects in their regeneration ability after bombardment (data not shown).
Vain et al. (15) used perchamber to reduce the helium volume expanded in the gun from 500 to 170 ml. The design of a home made syringe filter instead of 13MM syringe filters (cat. No w-10117 FISHER BIOBLOCK SCIENTIFIC) reduced the helium volume expanded in the gun. This construction of home-made syringe filter allowed better acceleration and dispersion of the gold particles. The dispersion diameter of the particles (10cm distance between the syringe filter and the target explants) was 4 cm comparing with FISHER BIOBLOCK-syringe filter where the dispersion diameter was 2 cm (data not shown). This technical improvement allowed making gun more inexpensive device. The refuel of the helium tank is 150€ that was enough for 800 shoots. After the use of this type syringe filter and the reducing of the vacuum chamber volume the helium volume was enough for more than 1500 shoots.
One of the most important details in the tissue culture and genetic transformation practice is the aseptic work. The use of none autoclavable baffle is source of contamination, for that we constructed another type holder-baffle mechanism from 5mm stainless steel plates and 500µm stainless steel screen instead of the 8mm plexiglass holder and the polypropylene Petri dish's cover. Two shelves supplied with holdersbaffle mechanism and 60mm and 90mm in diameter allowed the use of different Types of Petri dishes.
The Two hinges were welded to the left sides of the chamber where are they catching the tinplate steel and fix the door to the chamber make the "ABI-Gene Gun" more functionality and easier for operating comparing with the other models.
Conclusions
We reported here the development and optimization of the Particle Inflow Gun design. It was proved that the last device "ABI -Gene Gun" is inexpensive and simple to operate. The second important factor next to physical parameters for transient Gus expression, are the biological factors that had the greatest influence on transient expression of the GUS gene in the mature embryos of cereals. It was shown that these factors have to be optimized for each transfomation system.
